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Abstract 
Uranium ore from the Narwapahar mines, Jharkhand, India (~0.047% U3O8), rich in apatite content (5%) was 
investigated for bio-processing in lab-scale columns and bioreactor. With a load of 2.0 kg ore in column at pH 1.7 
using A. ferrooxidans and L. ferrooxidans, uranium recovery of 57% and 66% was achieved, respectively in 40 days 
in comparison to 39% in chemical leaching. Bio-leaching studies with the Narwapahar ore carried out in a 2L 
bioreactor at 10% (w/v) pulp density at pH 2.0, rpm 150 and 35oC yielded 57% and 63% uranium recovery by 10% 
(v/v) enriched culture of A. ferrooxidans and L. ferrooxidans, respectively in 5 days. In another set of experiments, 
biogenic ferric sulfate generated in the bioreactor was mixed with the ore slurry and 90.3% uranium biorecovery was 
achieved in 10h at pH 2.0, 20% (w/v) pulp density of <45µm particles and 40oC with L. ferrooxidans as against 87% 
leaching at 35oC with A. ferrooxidans.  
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1. Introduction 
Uranium is an important strategic metal often used for power generation. With the increasing mismatch 
between demand and supply, efforts are made world over to augment the production [1]. As such, India’s 
uranium production accounts for 1% of the world’s capacity and therefore uranium recovery from the low 
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grade ores gains importance for the country. Uranium is conventionally extracted using a process that 
employs strong acids (H2SO4) and oxidants (MnO2) as leaching agents. Because the content of U3O8 in 
the Indian ore is usually below 0.1% by weight, it is necessary to develop an alternate process to enable 
the efficient and economic recovery of uranium. In contrast to the chemical leaching process,  the  
bioleaching  process,  which  employs  micro-organisms  as  the  leaching  catalysts,  is  known  to  be 
economical and environmentally acceptable [1-3]. 
Uranium   ore   from   the   underground   mines   of Narwapahar Project, UCIL is a type of vein deposit. 
Of the total ore deposits found in India, vein type deposits account for 53.7%. The ore (0.047%U3O8), 
though of the same mineralisation zone as that of other such deposits of Singhbhum area, possesses 
exceptionally different mineralogy due to the presence of some refractory minerals and richness of apatite 
(5%) resulting in a maximum 78% recovery through conventional processing at UCIL, with a fairly high   
consumption   of   sulphuric acid and pyrolusite, and loss of uranium as uranium phosphate [2]. Phosphate   
in   acid   leach   solutions   forms   insoluble precipitates with uranium (uranyl ions), thus lowering 
uranium recovery by lowering ferric ions (ferric sulphate) level. Moreover, ferric phosphate also troubles 
in IX processes for fuel puri  [1]. To avoid usage of non- ecofriendly oxidants, obviate the 
in  and improve the overall process output of uranium, an alternate extraction 
technology using microbial isolate(s) may be considered worthwhile.  
This ore was subjected to microbial leaching on bench scale achieving 96% uranium biorecovery 
is achieved with A.ferrooxidans at 10% PD (w/v), pH 1.7 and 35oC in 40 days with the fine particles of 
<45 m size [4]. Under the same conditions, another   enriched   isolate   of   L.ferrooxidans showed 98% 
uranium leaching at 40oC [4]. To scale up the process optimised and improving the kinetics, the present 
investigation was carried out with the aim of the microbial leaching of uranium from Narwapahar ore on 
lab scale columns and bioreactor.  
 
2. Material and Methods 
2.1. Ore and micro-organism 
Low grade uranium ore containing 0.047% U3O8 was supplied by UCIL in the form of lumps from 
Narwapahar mines, Jharkhand. The ore was crushed, ground and passed through a sieve of 150µm (-100 
mesh) size. A representative sample was prepared by coning and quartering method for chemical analysis 
by fluorimetry for uranium and AAS / conventional method for other metals/ components (Table-1). The 
mineralogical analysis of ore showed the presence of quartz: 52.5%, chlorite: 36%, magnetite: 3.8%, 
apatite: 5.3%, tourmaline: 0.8%, other transparent minerals: 0.3% and other opaques: 1.3% [5]. 
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Mine water sample collected from Narwapahar uranium mines was the source of bacterium- A. 
ferrooxidans which was isolated in 9K media [(NH4)2SO4:3.0g/L, KCl:0.1g/L, K2HPO4:0.5g/L, 
MgSO4.7H2O:0.5g/L, Ca(NO3)2:0.005g/L, FeSO4.7H2O: 44.2g/L] at 2.0 pH. Additional minor elements 
added were as follows- (MnCl2.2H2O: 62mg/L; ZnCl2: 68mg/L; CoCl2.6H2O: 64mg/L; H3BO3:31mg/L; 
Na2MoO4:10 mg/L; CuCl2.2H2O: 67mg/L) to another set of 9K media for inoculation of samples 
collected from tailing ponds to isolate L. ferrooxidans. The oxidation of Fe(II) to Fe(III) was considered 
as an indication of its growth. Fe(II) concentration was analysed by titration against K2Cr2O7. Cell count 
was performed in a Petroff-Hauser counter using Leica biological microscope [4]. The wild strains of 
bacterial species isolated above were subjected to three times adaptation on 1-5% (w/v) ore and adapted 
isolates were used for bioleaching. 
Table-1: Chemical analysis of Narwapahar ore 
U3O8 SiO2 Fe Cu Ni Mo S P2O5 TiO2 Al2O3 
0.047 51.24 12.9 0.02 0.02 0.006 0.05 1.81 0.7 13.8 
 
2.2. Apparatus and procedure:  Experiments were carried out in lab-scale columns and 2L bioreactor. 
Fig.1 shows the schematic diagram of the lab scale column reactor set-up. The experiments were carried 
out in a column that was fabricated from 0.2 cm thick Plexiglass. The height of the column was 75 cm 
with an internal diameter of 6.5 cm, with support rubber cork with 10 mm hole was placed in the bottom 
of the column. The ore was ground and separated into various sizes for column of 2.0 kg [<150µm: 100g, 
5mm-4mm: 1.9 kg]. The column was fed with the bacterial solution using a peristaltic pump at the rate of 
3L/h for 2.0kg column. The solution was aerated for 5 min everyday in the morning to ensure oxygen 
availability for the culture, which was then sprayed on the top surface of the column charge using a 
simple garden-type sprinkler head. The leach solution was passed through the ore sample by gravity and 
re-circulated through a side loop with a peristaltic pump. The solution level was maintained at a sufficient 
height (1.5cm from the bottom), forcing the air upwards through the column charge with the coarser size 
particles at the bottom [6]. No flow of air from bottom was made and oxygen availability was maintained 
for bacterial activity with air associated with voids in the packed bed.  
Fig.2 shows the 2L bioreactor- BIOSTAT-B® (Make-SARTORIUS) used for bioleaching studies at 
10-40% (w/v) pulp density using 10%(v/v) enriched culture of A.ferrooxidans. In each case, a known 
amount of sample was taken and desired pH, stirring speed (150rpm) and temperature were maintained by 
PLC based MFCDA™ software controlled operations in the reactor. Experiments were carried out by 
using bacterial culture and also by biogenically prepared Fe (III) solution. The stock culture of 
A.ferrooxidans isolated from Narwapahar mine samples in 10% (v/v) inoculum was placed for adaptation 
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on 10g/L ferrous sulfate (with cell count 5x105 cells/mL) in 1L volume of the bioreactor at pH 2.0, rpm 
150 and 35oC. Biogenic ferric sulfate was generated from the synthetic ferrous sulfate (10g/L), yielding 
an enriched solution with a bacterial population of 3x108 cells/mL at redox potential of 542 mV in ~96h. 
The ore slurry was mixed with 10% (v/v) of the lixiviant generated above in the reactor for optimization 
of parameters. The metal and bacterial concentrations were determined at regular intervals as mentioned 
previously. On completion of the experiment, the leach liquor was filtered with Whatman No.42 paper, 
and the residue was analyzed for uranium, and was also used for other examination. 
2.3. Analysis 
Uranium and total iron concentrations in the bioleached solutions were measured by Flourimeter (FL-
6224A ) and Atomic Absorption Spectrometer (GBC -980T) respectively [4,6]. The solid residues 
were air-dried and samples were taken for chemical analysis and X-ray diffraction (XRD) studies. Cell 
count was determined in a Petroff-Hauser  counter of 0.1mm depth and 0.0025 mm2 area using Leica  
biological microscope (×1000). Fe2+ concentration was analysed by titration against K2Cr2O7. The pH of 
the leach solution was maintained at alternate days. The pH of the culture suspension and uranium 
extractive solution was monitored at room temperature with a pH meter (Toshniwal , Model CL 54). 
Redox potential (ESCE) was measured against saturated calomel electrode (SCE) and reported as such. For 
all the experiments, chemical grade reagents and raw water were used, except for preparation of 
indicators for which deionised water was used. 
 
Fig.1: Schematic diagram of lab scale column for Narwapahar ore (2.0kg)        
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Fig. 2: BIOSTAT-B (2L) used for laboratory scale bioreactor leaching of uranium  
[1-Agitator; 2-Control Panel; 3- Peristaltic Pumps; 4-Acid/Base supply; 5-pH probe;   6- Redox Potential Probe; 7-
DO probe; 8-Temp Probe; 9- Sampling Port; 10- Chiller] 
 
3. RESULTS AND DISCUSSION 
3.1. Column Leaching Experiments  
3.1.1. Column Bioleaching Experiments with A.ferrooxidans: In the leaching experiments, the column 
filled with 2.0 kg of sized ore and 10 L of medium solution was used without ferrous sulfate that 
contained 10% (v/v) inoculum. Feed and spent solutions were sampled and analyzed to determine the 
metal concentrations and computing the metal dissolution. Experiments were conducted at room 
temperature and the pH of the feed was maintained at 1.7, unless stated otherwise. The uranium bio-
recovery was found to be fairly high (96-98%) in shake flask experiments at pH 1.7 [4]. Based on these 
observations, the uranium recovery was examined with equal load of the ore in two columns [<150µm: 
100 g at the top; and 5mm-4mm: 1.9 kg in rest]. The two columns used were designated as: (i) control 
leaching at pH 1.7, (ii) bio-leaching at pH 1.7. The leaching rate was studied in detail with most particles 
(90%) in the size range 5mm to 4mm. The leaching of uranium showed increasing trend yielding 57% 
bio-recovery in 40 days  (Fig.3) with corresponding increase in bacterial count from 5.3x107 to 8.2 x 108 
cells/mL at pH 1.7. The bacterial counts reported are based on free-swimming bacteria only and no 
attempt was made to determine bacterial densities either qualitatively or quantitatively on mineral 
surfaces [6]. The dissolution of uranium in column under chemical leaching conditions (control 
experiment) recorded a lower value of 39% in 40 days with 2.0 kg ore (Fig.3). The pH increased over the 
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first 20 days which was evident from the consumption of acid (343 mL of 10N H2SO4) to control the pH 
to 1.7.  
3.1.2. Column Bioleaching Experiments with L.ferrooxidans: To test the efficacy of another mesophile 
on bioleaching, the column under similar conditions was also run with same ore load using 10% (v/v) of 
L. ferrooxidans. The uranium biorecovery of 66% was achieved in 40days (Fig.3) with a final cell count 
of 9x108 cells/mL showing long term implications of this process on heap level for utilisation this ore. 
The acid consumption during the uranium leaching corresponding to 57% and 66% using A.ferrooxidans 
and L.ferrooxidans was estimated to be 3.2 and 2.8kg/T ore as against 5.4kg/T in control experiments. 
 The values of redox potential and Fe(II) with A. ferrooxidans and L. ferrooxidans are presented 
in Fig.4. Higher redox potential (663mv) was recorded in case of L.ferrooxidans as compared to that of A. 
ferrooxidans (623mV), explains the higher uranium recovery with the former. The fall in Fe(II) 
concentration after 10-12 days with L. ferrooxidans indicated higher conversion to Fe(III) which 
supplemented the higher rate of uranium dissolution in comparison to  A. ferrooxidans.  
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Fig.3: Uranium recovery at pH 1.7 using 2.0 kg ore in column  
 
3.2. Bioreactor Leaching Experiments 
3.2.1. Uranium bioleaching with enriched culture of A.ferrooxidans and L.ferrooxidans: The 
bioprocessing of Narwapahar ore was also investigated in the bioreactor while using the enriched culture 
of A.ferrooxidans and L.ferrooxidans. The experiments were carried out at pH 2.0, 10% (w/v) pulp 
density,
of respective bacterium at 35oC (A.ferrooxidans) and 40oC (L.ferrooxidans). It was observed that 
approximately 41% and 47% uranium were leached in 24h by A.ferrooxidans and L.ferrooxidans, which 
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increased to 57% and 63% respectively in 5 days [10]. Uranium dissolution may be attributed to strong 
oxidizing conditions evident from the high E values (561 and 588mV). The leaching in bioreactor shows 
a distinct advantage which may be attributed to the improved mixing of slurry in the stirred reactor 
favouring the kinetics [7,8]. The residue obtained after 5days of bioleaching was examined through SEM 
study to assess the morphological changes (Fig.5). As can be seen, the morphology with both the 
microbes, A.ferrooxidans and L.ferrooxidans clearly exhibits nearly similar features of corroded surface 
due to leaching of uranium. 
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Fig.4: Variation of redox potential and Fe(II) concentration in column leaching of uranium with A.ferrooxidans and 
L.ferrooxidans at pH 1.7 
      
Fig.5 : SEM examination of residue of Narwapahar ore in 5days bioreactor operation with (a) A.ferrooxidans at 
35oC; and (b) L.ferrooxidans at 40oC, at pH 2.0 using <45µm feed at 10%(w/v) pulp density 
a b 
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3.2.2. Uranium bioleaching with biogenic ferric: The leaching of uranium from the Narwapahar ore in 
the bioreactor was tested using respective inoculum containing biogenic Fe(III) and variation in recovery 
of uranium was examined at varying particle size and pulp density. 
 
3.2.2.1. Effect of particle size: The bio-leaching of uranium was tested under the variation of particle 
size as seen in Table-1. Around 83% uranium was leached out in 10h at pH 2.0, 10% (w/v) pulp density 
and 10% (v/v) inoculum with biogenic Fe(III) with the ore particles of <45µm size. Uranium bioleaching 
was lowered to the extent of 74%, 56% and 52% for 53-45µm, 76-53µm and 100-76 µm size particles, 
respectively. The higher recovery of uranium with finest size material (<45µm) may be the result of 
enhanced exposure of the uranium containing phases that are distributed in such size ore, with ferric ion 
acting as a potential oxidiser. It may thus be concluded that the finest size fraction enables higher metal 
recovery as is also evident from the shake flask leaching studies [4]. 
 
Table-1: Variation in uranium bio-dissolution with various particle sizes in 10h using enriched culture of 
A.ferrooxidans in biogenic ferric solution at pH 2.0, 35oC and 10% (w/v) pulp density 
Time (h) 100-76µm 76-53µm 53-45µm <45µm 
0.25 10.1 10.8 15.8 16 
0.5 14.3 15.8 25.3 27.2 
1 20.18 21.37 31.37 33.5 
2 25 26.88 36.88 39 
3 32 31 41 44.8 
5 35.6 37.8 57.8 60.5 
7 47.2 48 68 75.3 
9 50.6 52 73 82 
10 52 55.6 74 83 
 
Besides the effect of size fraction of the ore on the leaching of uranium, associated factors like 
Fe(II)/Fe(III) concentration and redox potential may be correlated to the uranium bio-dissolution. The 
change in concentration of Fe(III) and Fe(II) is shown in Table-2, whereas Fig.6 depicts the variation of 
redox potential and cell count at varying particle size. Steady generation of high amount of Fe(III) in 10h 
(Table-2) for <45µm size particles helped in increased penetration of lixiviant resulting in higher uranium 
bioleaching (83%). The higher uranium biodissolution (83%) for the finest size particles (<45µm) is also 
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accounted for stronger oxidizing conditions which is clearly reflected by higher value of redox potential 
(670 mV) in 10h (Fig.6a). The trend is corroborated by the presence of higher cell population (Fig.6b) 
with the finest size fraction (1.3x108) when compared to the 8x107 and 6x107 cells/mL with 53-45µm and 
76-53µm size fractions, respectively.  
 
Table-2: Change in Fe(III) and Fe(II) concentration; at various particle sizes in bioreactor at pH 2.0, 
35oC, 10% (w/v) pulp density 
Fe(II) concentration (g/L) Fe(III) concentration (g/L) 
Time (h) 100-76µm 76-53µm 53-45µm <45µm 100-76µm 76-53µm 53-45µm <45µm 
0 0.2234 0.2234 0.2234 0.2234 0 0 0 0 
0.25 0.2234 0.2234 0.2234 0.2234 0.1353 0.1438 0.152 0.185 
0.5 0.2234 0.2234 0.2234 0.2234 0.139 0.152 0.168 0.22 
1 0.2234 0.1117 0.1117 0.2234 0.1438 0.168 0.175 0.2674 
2 0.1117 0.1117 0.1117 0.1117 0.168 0.18 0.19 0.331 
3 0.1117 0.1117 0.1117 0.1117 0.175 0.19 0.2 0.347 
5 0.1117 0.1117 0.1117 0.098 0.19 0.21 0.27 0.456 
7 0.1117 0.1117 0.098 0.066 0.21 0.24 0.369 0.501 
9 0.1117 0.1117 0.098 0.066 0.24 0.28 0.405 0.528 
10 0.1117 0.1117 0.098 0.033 0.25 0.3 0.41 0.535 
 
3.2.2.2. Effect of pulp density: Pulp density for the bioleaching of uranium in bioreactor was varied in the 
range 10–40% (w/v) using <45µm size particles with 10% (v/v) adapted culture of A.ferrooxidans with 
biogenically produced Fe(III), while agitating at 150 rpm at pH 2.0 and 35°C temperature. At 20% (w/v) 
pulp density (Table-3), uranium recovery of 87% was obtained in 10h [10]. On further increasing the pulp 
density to 30% (w/v) and 40% (w/v), the uranium biorecovery was found to be 75% and 72% 
respectively. The rise in E was observed from ~530 mV to 680, 642 and 635mV (Table-3) in the 
bioleaching at the pulp density of 20% (w/v), 30% (w/v) and 40% (w/v) respectively in 10h. At 40% 
(w/v) pulp density, uranium recovery decreased because of lower ratio of inoculum and the Fe(III) 
concentration to the substrate [4,10]. Fig.7 describes the cell count variation at pH 2.0 with varying pulp 
density. The bacterial population recorded its maximum value of 1.4x108 cells/mL in the solution at 20% 
(w/v) pulp density. Initial lower bacterial population may be the result of stress developed on the cells due 
to impellor and enhanced level of mixing the inoculum with the ore particles [8].  
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Fig.6: Variation in (a) redox potential and (b) cell count; at various particle sizes in bioreactor at pH 2.0, 
35oC, 10% (w/v) pulp density  
a 
b 
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Table-3: Variation in uranium bio-dissolution (%) and redox potential (mV) with various pulp densities in 10h using 
enriched culture of A.ferrooxidans in biogenic ferric solution at pH 2.0, 35oC and <45µm particles 
% Uranium recovery Redox Potential (mV) 
Time (h) 10% 20% 30% 40% 
 
10% 20% 30% 40% 
0 ----- ---- ---- --- 536 536 532 532 
0.25 16 16.8 16.4 15.8 541 551 536 533 
0.5 27.2 28.8 26.4 25.3 560 570 541 540 
1 33.5 31.08 32.4 31.37 574 584 544 548 
2 39 37.25 38.33 36.88 590 603 560 560 
3 44.8 42 43.44 41 599 612 566 565 
5 60.5 59.62 58.6 57.8 622 639 578 579 
7 75.3 75.68 68 66 645 665 596 588 
9 82 84.9 74 71 663 677 616 601 
10 83 87 74.6 72 670 680 619 609 
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Fig.7: Variation in cell count at various pulp densities in bioreactor at pH 2.0, 35oC with <45µm particles 
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4. CONCLUSIONS 
a) Mesophilic iron oxidizing strains of Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans 
isolated from the mine water of Narwapahar mines may be effectively used for bioleaching of uranium 
from the low-grade apatite rich uraninite ore in laboratory scale columns and bioreactor.  
b) In case of 2.0kg column leaching, 57% bio-recovery in 40 days at pH 1.7 was observed with bacterial 
population of 8.2 x 108 cells/mL. The dissolution of uranium in column under chemical leaching 
conditions (control experiment) recorded a lower value of 39%. Under similar conditions, uranium 
biorecovery of 66% was obtained using L. ferrooxidans.  
c) When the bioleaching was carried out in the auto-controlled bioreactor at 10-40% (w/v) pulp density 
using 10%(v/v) enriched adapted culture of A.ferrooxidans and L.ferrooxidans while maintaining 
desired pH (at and above 2.0), stirring speed (150rpm) and temperature, the kinetics of uranium 
leaching improved significantly. Experiments were conducted in presence of bacterial culture and also 
with inoculum containing biogenically prepared Fe(III) solution. Uranium bioleaching with 10%(v/v) 
inoculum of A.ferrooxidans at pH 2.0, 10%(w/v) pulp density, 150rpm agitation for the ore particles of 
oC was found to be 57% in 5 days at maximum redox potential of 561mV. On the 
other hand, the use of L.ferrooxidans at 40oC while maintaining similar conditions as in case of 
A.ferrooxidans improves uranium leaching to 63% in 5days with a redox potential of 588mV. 
d) The kinetics of uranium bioleaching can be significantly enhanced from days to hours when inoculum 
with biogenic Fe(III) is used in the bioreactor. A maximum biorecovery (90.3%) of uranium was 
achieved in 10h at pH 2.0, 20% (w/v) pulp density of <45µm particles and 40oC with L.ferrooxidans as 
against 87% leaching at 35oC with A.ferrooxidans. A low recovery of 66% and 72% is however, 
observed with A.ferrooxidans at 25oC and 30oC respectively. Enhanced oxidizing conditions with 
higher redox potential values favour kinetics of leaching.  
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